The opportunistic fungal pathogen Candida albicans can switch spontaneously and reversibly between different cell forms, a capacity that may enhance adaptation to different host niches and evasion of host defense mechanisms. Phenotypic switching has been studied intensively for the white-opaque switching system of strain WO-1. To facilitate the molecular analysis of phenotypic switching, we have constructed homozygous ura3 mutants from strain WO-1 by targeted gene deletion. The two URA3 alleles were sequentially inactivated using the MPA R -flipping strategy, which is based on the selection of integrative transformants carrying a mycophenolic acid (MPA) resistance marker that is subsequently deleted again by site-specific, FLP-mediated recombination. To investigate a possible cell type-independent switching in the expression of individual phasespecific genes, two different reporter genes that allowed the analysis of gene expression at the single-cell level were integrated into the genome, using URA3 as a selection marker. Fluorescence microscopic analysis of cells in which a GFP reporter gene was placed under the control of phase-specific promoters demonstrated that the opaque-phase-specific SAP1 gene was detectably expressed only in opaque cells and that the white-phasespecific WH11 gene was detectably expressed only in white cells. When MPA R was used as a reporter gene, it conferred an MPA-resistant phenotype on opaque but not white cells in strains expressing it from the SAP1 promoter, which was monitored at the level of single cells by a significantly enlarged size of the corresponding colonies on MPA-containing indicator plates. Similarly, white but not opaque cells became MPA resistant when MPA R was placed under the control of the WH11 promoter. The analysis of these reporter strains showed that cell type-independent phase variation in the expression of the SAP1 and WH11 genes did not occur at a detectable frequency. The expression of these phase-specific genes of C. albicans in vitro, therefore, is tightly linked to the cell type.
Pathogenic microorganisms must be able to adapt to changing environmental conditions during the course of an infection to ensure survival and growth in different host niches. This adaptation is achieved by the regulated expression of appropriate sets of genes whose products are needed by the pathogen at a particular stage of an infection, in response to corresponding environmental signals (23) . In addition, many prokaryotic and eukaryotic pathogens have the capacity to generate variants with altered properties in a reversible and often random fashion, a phenomenon known as phase or antigenic variation (10) . Such variability not only provides an opportunity to produce progeny that are better adapted to a special host niche, but it also enables evasion of the host's immune response to surface-exposed or secreted antigens produced by the initially infecting organisms. Certain traits can be both advantageous and disadvantageous for the microorganism, depending on the host niche or infection stage. The capacity to alter their expression state independently of environmental signals may enhance pathogens' ability to cause disease (6, 12, 21, 31, 45) .
Antigenic variation can be achieved by different molecular mechanisms, including inversion of promoter elements or structural genes by site-specific recombination (1, 20) , differential methylation of regulatory sequences (7) , insertion and deletion of single nucleotides, oligonucleotide repeats, or mobile genetic elements into either promoter or coding regions (12, 44, 46, 50) , or movement of silent genes into expression loci by homologous recombination (11, 13, 22) . These specific mechanisms ensure that variants are generated at a much higher frequency than would be possible by random mutation alone but still result in a semistable phenotype to allow the expansion of new variants that eventually take over the population, especially after passing through infection bottlenecks (29) .
The opportunistic fungal pathogen Candida albicans displays a remarkable capacity to alter its cellular characteristics. Apart from a transition between growth in yeast and hyphal forms, generally referred to as dimorphism, C. albicans can reversibly switch between different cell types that are distinguishable by the appearance of the resulting colonies on agar plates (35) . In contrast to the above-mentioned bacterial and protozoal examples of antigenic variation, where usually a single trait is affected, phenotypic switching in C. albicans alters many different cellular properties, including morphology, adhesion, antigenicity, and pathogenicity, in a programmed, coordinated fashion. Most C. albicans strains are capable of phenotypic switching, but the process has been most intensely studied using the white-opaque switching of strain WO-1 as a model system. This strain predominantly switches between the typical budding yeast form, which produces hemispherical, white colonies, and an elongated cell type, which forms flat, opaque colonies (34) . A growing list of phase-specifically expressed genes has been discovered, including the white-phasespecific genes WH11 and EFG1 and the opaque-phase-specific genes SAP1 (PEP1), SAP3, OP4, and CDR3 (2, 25, 26, 37, 38, 47) . The transition between the white and opaque phases involves the coordinated activation of opaque-phase-specific genes and deactivation of white-phase-specific genes and vice versa, which has been postulated to be governed by a master regulatory switch, the nature of which is still unknown. Switching among a set of preselected cell types may allow a more efficient adaptation to new host niches than randomly altering individual cellular properties (36) .
The specific role of many phase-specific genes has not yet been elucidated, but some of them may have a function in the maintenance of the distinct cellular phenotype. The WH11 gene encodes a protein with homology to the heat shock protein Hsp12 and is localized in the cytoplasm of white cells (33) . The SAP genes encode secreted aspartic proteinases that have been shown to contribute to the virulence of WO-1 and other C. albicans strains (14, 16) . However, Sap antigens are also recognized by the host's immune system (19) . Sap antigens have been detected on the surfaces of C. albicans organisms (4, 5, 32) and may thus allow the host to recognize and destroy the invading cells. On the other hand, forced expression of the white-phase-specific gene WH11 in opaque cells resulted in enhanced virulence in a mouse model of systemic candidiasis (17) , whereas forced expression of the opaque-phase-specific gene SAP1 in white cells increased the virulence of these cells in a model of cutaneous infection (16) . It is therefore conceivable that phase variation of single genes might also be advantageous under conditions that otherwise favor the maintenance of a specific cell type and could thus occur independently from switching between the white and opaque phases by a different molecular mechanism. Such an additional level of variability would further enhance the flexibility of an infecting C. albicans strain.
To date, the expression of phase-specific genes has been analyzed only at the population level, either by Northern hybridization or by using a luciferase reporter enzyme (25, 26, 38, 40) . A rare switching in individual cells from the expressed to a nonexpressed state of an otherwise phase-specific gene would therefore not have been detected. Similarly, activation of such a gene in the "wrong" cell type also would probably not be detected, since this could be explained by the presence of a minor proportion of the other cell type in populations of white or opaque cells.
Recently, the GFP gene, encoding the green fluorescent protein (GFP) from Aequorea victoria, has been adapted to the noncanonical codon usage of C. albicans, allowing researchers to monitor the expression of target genes at the level of single cells (8, 27) . In addition, we have developed a method for the genetic manipulation of C. albicans wild-type strains (48) . Sequential gene disruption can now also be performed in uridineprototrophic strains like WO-1 by using a marker conferring resistance against mycophenolic acid (MPA) for the selection of transformants and its subsequent deletion by FLP-mediated, site-specific recombination (MPA R flipping). In the present study, we have used these new molecular tools to analyze the expression of phase-specific genes in strain WO-1 at the singlecell level.
MATERIALS AND METHODS
Strains and growth media. The C. albicans strains used in this study are listed in Table 1 . Strains were subcultured separately in the white and opaque phases at room temperature on agar plates containing Lee's medium, pH 6.8 (3), and 5 g of phloxine B ml
Ϫ1
, which selectively stains opaque colonies pink (35) . (48) . Uridine (100 g ml
) was added to the media to support growth of ura3 mutant strains.
Plasmid constructions. For inactivation of the URA3 gene, two different plasmid constructions were made. First, a DNA fragment comprising the URA3 coding region plus 420 bp of the upstream and 126 bp of the downstream region that was originally cloned as a SalI-PstI fragment into pBluescript (27) was removed by SalI-BamHI digestion and cloned into pUC18 to yield pURA7. An internal fragment from positions 22 to 228 of the URA3 coding region was subsequently deleted by inverse PCR with the primers URA9 (5Ј-GCTCTCTC ACCGCGGTCTTAGTGTTGAC-3Ј) and URA8 (5Ј-CCTATGAATCCACTC GAGAACCATTATTAG-3Ј), thereby introducing SacII and XhoI sites (underlined) into which a SacII-XhoI fragment containing the MPA R flipper from pSFI1 (48) was inserted instead of the deleted URA3 sequences, resulting in pSFIU2 (Fig. 1A) . To delete the whole URA3 gene, larger flanking regions were obtained by screening a C. albicans fosmid library (kindly provided by Stewart Scherer, Acacia Biosciences, Richmond, Calif.) using the insert from pURA7 as a probe. A 4.7-kb XhoI-SacI fragment containing the URA3 gene from a positive clone (16H6) was ligated into pBluescript. Sequence analysis of the resulting plasmid, pURA300, allowed us to design primers for the amplification of URA3-flanking regions. The upstream region from positions Ϫ2462 to Ϫ394 was obtained by PCR with the primers URA15 (5Ј-TTTGTGCATGCTGTATTTCCAAAACG-3Ј) and URA16 (5Ј-TGTTTCCGCGGATACCATCCAAATCAATTCC-3Ј) containing introduced SphI and SacII sites (underlined), respectively. The downstream region ranging from positions 114 to 1102 behind the stop codon was amplified with the primers URA17 (5Ј-CTATTTACAATCTCGAGGTGGTCC TTC-3Ј) and URA18 (5Ј-CCATTAATTGCGAGCTCTGCTACTGGA-3Ј) containing introduced XhoI and SacI sites (underlined), respectively. The SacIIXhoI MPA R flipper fragment from pSFI1 was then ligated together with the SphI-SacII URA3 upstream and the XhoI-SacI URA3 downstream fragments into the SphI/SacI-digested pUC18, resulting in pSFIU4 (Fig. 1A) . The SphI-SacI URA3 deletion/disruption fragments from pSFIU4 and pSFIU2 were then used to replace the wild-type URA3 alleles in C. albicans WO-1.
To construct reporter gene fusions, the promoter regions of the SAP1 and WH11 genes were PCR amplified with the primer pair SAP1P1 (5Ј-GGTTACG GAAAATCTAGAAGATGGCCC-3Ј) and SAP1P2 (5Ј-TGTGTGTCGACTTA GAAATGGAAGAGTGA-3Ј) and the primer pair WHS5 (5Ј-CTTGTTTCAT CTTCTAGACCCATAGC-3Ј) and WHS6 (5Ј-GACATGTCGACTTGTTCTGC TTGTTGTTTTG-3Ј), respectively, using genomic DNA from strain WO-1 as the template. In addition, sequences from the SAP1 coding and WH11 downstream regions were obtained by PCR with the primer pair SAP1C (5Ј-GTTATGCTG CAGACATCACTATTGG-3Ј) and SAP1D (5Ј-GACCGTTAGCGGAGCTCA ACGGAGC-3Ј) and the primer pair WHS7 (5Ј-AAACAATGCATGAGTAAC CTCAATTGAGTTG-3Ј) and WHS8 (5Ј-GTACACCTAACCCGAGCTCACA AGACCTTTG-3Ј), respectively. The primers were derived from the published C. albicans genome sequence (http://www-sequence.stanford.edu/group/candida); the introduced XbaI, SalI, PstI, NsiI, and SacI sites are underlined. The XbaI-SalI SAP1 and WH11 promoter fragments and the PstI-SacI 3Ј SAP1 and NsiI-SacI 3Ј WH11 fragments were then substituted for the corresponding XbaI-SalI P SAP2 and PstI-SacI 3Ј SAP2 fragments in plasmid pGFP41 (27) from which the PstI site in the polylinker had been removed. These substitutions generated pGFP61 and pGFP68 containing the P SAP1 -GFP and P WH11 -GFP reporter gene fusions, respectively ( Fig. 2A and 3A ). To construct fusions with the MPA R marker, a promoterless MPA R gene was first obtained by PCR amplification with the primers IMH1 (5Ј-AAAACGTCGACAATGGTGTTTGAAACTTCAAAAGC-3Ј) and IMH2 (5Ј-GTAGACCGCGGAGGAATGGGCATTATTGTAG-3Ј) and, after digestion at the introduced SalI and SacII sites (underlined) and blunting of the overhanging ends of the SacII site, used to replace the GFP gene in pGFP61 and pGFP68, thereby generating pS1IU2 and pWH11IU2, which contain the P SAP1 -MPA R and P WH11 -MPA R reporter gene fusions, respectively ( Fig. 2A and 3A) . The XbaI-SacI fragments from pGFP61, pGFP68, pS1IU1, and pWH11IU1 were then used to insert the reporter gene fusions into one of the SAP1 or WH11 alleles of ura3-negative derivatives of strain WO-1.
C. albicans transformation. C. albicans strains were transformed by electroporation (15) with gel-purified linear DNA fragments from the plasmids described above. MPA-resistant transformants were selected on minimal agar plates containing 10 g of MPA ml
. Single colonies were picked after 5 to 7 days of growth at 30°C and restreaked on the same medium. Uridine-prototrophic transformants of ura3 mutants were selected on minimal agar plates without uridine. After confirmation of the correct allelic replacements, white and opaque colonies of the strains were identified by plating on agar plates containing Lee's medium and 5 g of phloxine B ml Ϫ1 and then maintained separately on the same plates at room temperature.
Isolation of chromosomal DNA and Southern hybridization. Genomic DNA from C. albicans strains was isolated as described by Millon et al. (24) . DNA (10 g) was digested with appropriate restriction enzymes, separated on a 1% (wt/ vol) agarose gel, and, after ethidium bromide staining, transferred by vacuum blotting onto a nylon membrane and fixed by UV cross-linking. Southern hybridization with enhanced chemiluminescence (ECL)-labeled probes was performed with the ECL labeling and detection kit from Amersham (Braunschweig, Germany) according to the instructions of the manufacturer.
Fluorescence microscopy. White and opaque cells of the strains were grown separately or as mixed populations overnight at 25°C in liquid Lee's medium, pH 6.8, and aliquots of the cultures were spotted on microscope slides. Fluorescence was detected using a Zeiss Axiolab microscope equipped for epifluorescence microscopy with a 50-W mercury high-pressure bulb and with the Zeiss fluorescein-specific filter set at 09.
Screening for MPA-resistant and MPA-sensitive white and opaque colonies. The MPA resistance conferred by the expression of the P SAP1 -MPA R and P WH11 -MPA R reporter gene fusions was initially assessed by suspending cells from white or opaque colonies of strain WO-1 and the strains carrying these fusions in water and plating appropriate dilutions on agar plates (7.5-cm diameter) containing Lee's medium supplemented with 5 g of phloxine B ml Ϫ1 and 7.5 g of MPA ml
Ϫ1 at a density of about 50 cells per plate. The plates were incubated at 25°C for 5 days or at room temperature for 7 days, after which the colony size was scored. To screen large numbers of cells of the reporter strains, suspended cells from different colonies were treated in the same way but using larger plates (14-cm diameter) and a density of approximately 300 cells per plate. All colonies 
RESULTS
Construction of ura3 mutants of strain WO-1 by targeted gene deletion. To facilitate the genetic manipulation of strain WO-1, we constructed a ura3 mutant of this strain by targeted gene deletion using the MPA R -flipping strategy (48) . A fragment comprising about 0.4 kb of upstream and 0.1 kb of downstream sequences in addition to the coding region of the URA3 gene is sufficient for selection of prototrophic transformants of C. albicans ura3 mutants. In plasmid pSFIU4 (Fig. 1A) almost all URA3 sequences present in the selection marker were replaced by the MPA R flipper cassette. Strain WO-1 was transformed with the insert from this plasmid, and MPA-resistant transformants were analyzed by Southern hybridization. The two URA3 alleles in WO-1 can be distinguished by an EcoRV restriction site polymorphism downstream of the coding region (Fig. 1A) and are located on 4.9-and 2.4-kb EcoRV fragments (Fig. 1B, lane 1) . Two independent transformants in which either URA3-1 (WUM1A) (Fig. 1B, lane 2) or URA3-2 (WUM1B) (lane 3) had been replaced by the deletion cassette were selected, and the MPA R flipper was subsequently excised by induced, FLP-mediated recombination as described previously (48) . All 10 tested MPA-sensitive derivatives of the two parent strains exhibited the hybridization pattern expected after specific deletion of the MPA R flipper cassette. The presence of a new 3.7-kb EcoRV fragment in both WUM2A (Fig. 1B,  lane 4) and WUM2B (lane 5) demonstrates that, during integration into the URA3-2 allele, the polymorphic EcoRV site had been eliminated by the homologous cloned URA3 downstream sequence that did not contain this site. The insert from pSFIU4 was then used again to delete the remaining URA3 wild-type allele in strains WUM2A and WUM2B. MPA-resistant transformants were selected and screened for uridine auxotrophy. Southern hybridization analysis demonstrated the correct replacement of the second URA3 allele in the resulting strains, WUM3A (Fig. 1B, strains WUM5A (Fig. 1B, lane 8) and WUM5B (lane 9). The presence of a 1.2-kb hybridizing EcoRV fragment in strain WUM5A demonstrates that, in this case, the polymorphic EcoRV site had been maintained after integration of the cassette into the URA3-2 allele. In addition to the desired intrachromosomal recombination between FRT sites flanking the MPA R flipper, deletion of the cassette after the second round of excision could also have occurred by mitotic interchromosomal recombination between the centromere-proximal FRT site of the MPA R flipper and the FRT site present on the homologous chromosome. Such an event is not distinguishable from intrachromosomal recombination when the same replacement construct is used for deletion of both alleles of a target gene. Although interchromosomal recombination was never observed in previous experiments in which we used the flipper strategy for sequential disruption of different genes in various C. albicans strains (28, 48) , the possibility remained that this might occur more frequently at the URA3 locus and, in that case, would lead to mutants that had become homozygous for all chromosomal regions located centromere distal to the site of crossover. To test for this possibility, we generated a second disruption construct in which only a part of the URA3 coding region was replaced by the MPA R flipper, such that different flanking regions were present on both sides of the cassette compared with the first deletion cassette (Fig. 1A) . The insert from plasmid pSFIU2 was then used for a new transformation of the heterozygous strain WUM2A. A resulting transformant, strain WUM4A (Fig. 1B, lane 10) , in which the remaining URA3 wild-type allele had been correctly replaced by the disruption cassette was used to excise the MPA R flipper after induction of the FLP gene. All seven tested MPA-sensitive derivatives exhibited the 2.3-kb fragment expected after specific excision of the MPA R flipper, demonstrating that interchromosomal recombination between FRT sites located on homologous chromosomes did not occur at an appreciable frequency also at the URA3 locus. One of these derivatives in which the two URA3 alleles had been inactivated with different deletion/disruption constructs (strain WUM6A) (Fig. 1B, lane 11) was kept for further analysis. For clarity, the different inactivated URA3 alleles were designated ura3⌬::FRT (obtained with pSFIU4) and ura3::FRT (obtained with pSFIU2). All integration and excision events were also confirmed with a URA3 downstream fragment (Fig. 1A) as an additional probe for Southern analysis of the strains, yielding the expected hybridization patterns (data not shown).
Phenotypic analysis of the ura3 mutants. The three independently constructed ura3 mutants of strain WO-1, strains WUM5A, WUM5B, and WUM6A, were then tested for possible differences in their growth characteristics. All three ura3 mutants exhibited identical growth in uridine-supplemented YPD or minimal medium. In addition, reintroduction of the URA3 gene into strain WUM5A (see below) restored growth in media without uridine to the same level as that of the parent strain WO-1.
All three ura3 mutants displayed the white-opaque switching typical of strain WO-1, as monitored at the colony level on agar plates containing Lee's medium supplemented with phloxine B and by the morphology of individual cells observed under the microscope (see also below).
Integration specificity in WO-1 ura3 mutants using the URA3 gene as a selection marker. The homozygous ura3 mutants WUM5A and WUM6A were both derived from the heterozygous mutant WUM2A but differ from each other in that virtually all URA3 sequences contained in the URA3 selection marker were removed from the genome of WUM5A whereas a considerable portion of these sequences was still present in one of the disrupted URA3 alleles of WUM6A. The presence of these sequences might interfere with specific integration at other genomic loci when the URA3 marker is used for selection of transformants. To test for the specificity of integration, the two strains were transformed with a DNA fragment containing a fusion of the SAP1 promoter and a C. albicans-adapted GFP gene. The cassette contained the URA3 selection marker and was flanked on both sides by SAP1 sequences, such that specific integration into one of the SAP1 alleles should occur by a double-crossover event, resulting in allelic replacement (Fig.  2A) .
The two SAP1 alleles in strain WO-1 and its ura3 derivatives can be distinguished by a BglII restriction site polymorphism in the SAP1 upstream region ( Fig. 2A) and are located on 7.0-and 6.6-kb BglII fragments (Fig. 2B, lane 1) . Of seven prototrophic transformants of strain WUM5A, three had integrated the P SAP1 -GFP fusion into the SAP1-1 allele, as exemplified by strain WUGS1A (Fig. 2B, lane 2) , and two had integrated the reporter gene fusion in the SAP1-2 allele, as in strain WUGS1B (lane 3). The two other transformants had undergone additional recombination events, but the disrupted URA3 loci remained unchanged in all seven transformants (not shown). Of 12 tested prototrophic transformants of strain WUM6A, four contained the fusion in the SAP1-1 allele and six had it in the SAP1-2 allele. In the two remaining transformants, the URA3 allele disrupted in the second mutagenesis round was reconstituted. These results demonstrate that the presence of sequences homologous to the URA3 selection marker can indeed promote integration of the marker into its original locus, but overall, the specificity of targeted integration at a heterologous site was high and comparable between the two strains.
Analysis of phase-specific gene expression at the single-cell level. In white and opaque cells of strain WO-1, the expression of certain genes is coupled to the cell type, the WH11 gene being white phase specific and other genes, like SAP1, being detectably expressed only in opaque cell cultures. However, phase variation of single genes might be advantageous also under conditions that otherwise favor the maintenance of a specific cell type and could thus occur independently from switching between the white and opaque phases. If such a gene-specific phase variation happened at relatively low frequency, as observed in other pathogenic microorganisms, it might not be detected with the methods used up to now to analyze phenotypic switching in C. albicans. GFP can be used as a reporter of gene expression at the level of single cells. We therefore analyzed the expression of the opaque-phase-specific SAP1 gene in single cells using strains carrying a transcriptional fusion of the SAP1 promoter with the GFP gene integrated into either of the two SAP1 alleles (see above). In addition, the GFP gene was also placed under the control of the white-phase-specific gene WH11 and introduced into the genome of strain WUM5A (Fig. 3A) . From six uridine-pro-totrophic transformants, five had correctly integrated the reporter gene fusion into one of the WH11 alleles, as demonstrated by the appearance of an expected 4.0-kb EcoRI fragment in addition to the 3.7-kb fragment representing the wild-type WH11 gene after Southern hybridization with a WH11-specific probe. Two independent transformants (strains WUGW11A and WUGW11B) (Fig. 2B, lanes 2 and 3) were selected for further study.
Analysis of the reporter strains by epifluorescence microscopy demonstrated that GFP was a useful reporter for qualitative analysis of phase-specific gene expression at the singlecell level. White and opaque cells of strain WO-1 can be distinguished by their morphologies, white cells being round to oval (length Ͻ1.5 times the width) and opaque cells being significantly elongated (length Ͼ2 times the width). Opaque but not white cells of strains WUGS1A and WUGS1B expressing GFP under the control of the SAP1 promoter fluoresced, and vice versa: fluorescence was observed in white but not opaque cells of strains WUGW11A and WUGW11B expressing GFP under the control of the WH11 promoter (Fig. 4) . Activation of the WH11 gene in an opaque cell should therefore be detectable as a fluorescent elongated cell in opaque cell populations of strains WUGW11A and -B, whereas activation of the SAP1 gene in a white cell would be detected as a fluorescent round cell in white cell populations of strains WUGS1A and -B. Upon screening such populations of the reporter strains by epifluorescence microscopy (Ͼ10 4 cells of each strain), we could not detect expression of SAP1 or WH11 in the wrong cell type. It should be noted that the elongate morphology of opaque cells may sometimes not be distinct when the cells are viewed from one of the poles. However, the few fluorescent cells detected in opaque cell populations of strains WUGWH11A and -B had the appearance of white cells, with none of them being elongated, and very likely represented cells that had undergone switching. Similarly, all fluorescent cells detected in white cell populations of strains WUMS1A and -B matched the opaque phenotype. In no case could a fluorescent cell unambiguously be allocated to the wrong phase. These results demonstrated, at the single-cell level, that expression of the phase-specific SAP1 and WH11 genes is linked to the cell type.
Phase variation of SAP1 and WH11 expression does not occur independently of white-opaque switching in vitro. The results obtained with the strains carrying the GFP reporter gene fusions showed that a switch from the "OFF" to the "ON" state of the phase-specific SAP1 and WH11 genes does not occur in the wrong cell type, since single fluorescent cells of the corresponding phase would have been easily detected in the background of a nonfluorescent cell population. This indicates that activation of phase-specific genes is under the tight control of the postulated master switching regulator. Nevertheless, a switch from the ON to the OFF state for individual phasespecific genes might occur even in the normally appropriate cell type by an independent mechanism. We also searched for white cells that do not detectably express WH11 and for opaque cells that do not detectably express SAP1 by looking at several hundred individual cells of white cell populations of strains WUGW11A and -B and of opaque cell populations of strains WUGS1A and -B first by phase-contrast and then by epifluorescence microscopy. In this way we were unable to detect such an ON-OFF switch. However, at an expected low frequency, a corresponding nonfluorescent cell might be missed in a population of fluorescent cells. For this reason, we devised a second reporter system in which a drug resistance gene was placed under the control of phase-specific promoters. Since the MPA R marker confers resistance against MPA upon cells in which it is expressed, a promoterless MPA R gene was fused to the SAP1 and WH11 promoters and integrated into the corresponding loci in strain WUM5A with the help of the URA3 selection marker ( Fig. 2A and 3A) . Two transformants carrying the P SAP1 -MPA R fusion inserted in either of the two SAP1 alleles (strains WUMS1A and WUMS1B) (Fig. 2B , lanes 4 and 5) and two transformants in which the P WH11 -MPA R fusion was integrated in one of the WH11 alleles (strains WUMW11A and WUMW11B) (Fig. 3B, lanes 4 and 5) were selected for analysis.
The strains carrying these reporter gene fusions should express an MPA-resistant phenotype only in the appropriate cell type in which the promoter is activated, i.e., only opaque cells of the strains with the P SAP1 -MPA R fusion should exhibit enhanced MPA resistance and only white cells of the strains with the P WH11 -MPA R fusion should become MPA resistant. Figure  5 shows that growth of the parent strain WO-1 was sensitive to the presence of 7.5 g of MPA ml Ϫ1 in the medium. Opaque cells displayed a higher sensitivity than white cells, since they formed smaller colonies than white cells, although in the absence of MPA opaque colonies are larger than white colonies due to their flat morphology. The expression of the MPA R gene resulted in the expected phenotype. The strains carrying the MPA R gene under the control of the SAP1 promoter exhibited enhanced MPA resistance in the opaque phase, whereas the sensitivity of white cells remained unchanged. In contrast, the strains carrying the MPA R gene under the control of the WH11 promoter showed the reverse phenotype, although, for unknown reasons, opaque cells exhibited slightly enhanced growth on plates with or without MPA compared with the parent strain WO-1. Nevertheless, these results demonstrate that the reporter system worked sufficiently well in both white and opaque cells to allow screening for colonies that did not express the MPA R gene. We then used this reporter system to screen for rare cells that might have shut off SAP1 expression in the opaque phase in which the gene is normally expressed. If such a cell typeindependent phase variation of SAP1 expression did exist, we expected that it would result in a semistable phenotype, similar to the white-opaque switching itself, and be detectable by the appearance of MPA-sensitive opaque colonies from which SAP1-expressing, MPA-resistant revertants should arise again with a similar low frequency. Altogether, 12,000 colonies of strains WUMS1A and WUMS1B were screened. Small colonies of various sizes arose with a frequency of about 1% (80 colonies). However, none of these small colonies had switched off expression of the SAP1 gene, since upon rescreening they gave rise to large, MPA-resistant colonies in the same manner as the parent strains WUMS1A and WUMS1B. The small size of these colonies was, therefore, not caused by repression of the P SAP1 -MPA R fusion but due to stochastic, MPA-independent slower growth of a minor proportion of the cell population, at a frequency similar to that observed in previous experiments in which MPA-containing plates were used to screen for the presence or absence of the MPA R marker (43) . Among 35,000 screened white colonies of strains WUMS1A and WUMS1B, no MPA-resistant white clones were observed, confirming the result obtained with the GFP reporter strains that the SAP1 gene was not activated in the wrong cell type.
When the same experiment was performed with strains WUMW11A and WUMW11B, we found that cell type-independent phase variation of WH11 expression also did not occur at a detectable frequency. All 18,000 white colonies screened retained the MPA-resistant phenotype, and none of the 13,000 opaque colonies tested exhibited elevated MPA resistance. From these results we conclude that, at least under the in vitro conditions tested, the expression of the phase-specific SAP1 and WH11 genes in strain WO-1 is tightly linked to the cell type.
DISCUSSION
The white-opaque switching of strain WO-1 has served for many years as a model system to study phenotypic switching in C. albicans and has led to the discovery of phase-specific genes, expression or down-regulation of which might provide selective advantages in specific host niches encountered by the fungus at particular stages of an infection (36) . An ade2 mutant generated by chemical mutagenesis of strain WO-1 has been used in the past as a host for genetic analyses of phenotypic switching, for example, to introduce luciferase reporter gene fusions and to allow misexpression of phase-specific genes (16, 17, 18, 39, 40, 41) . However, until recently no ura3 mutant of strain WO-1 was available that could be used for genetic manipulations requiring a recyclable marker, like sequential gene disruption. While our work was in progress, the generation of a ura3-auxotrophic derivative from the WO-1 ade2 mutant was reported, and this, for the first time, enabled the construction of a specific mutant (efg1/efg1) in this strain background by targeted gene deletion using the URA3 blaster strategy (42). The ura3 mutants described in our present study have the advantage that they were generated directly from strain WO-1 by two independent rounds of specific allelic replacement of both URA3 copies and, therefore, have not suffered from unspecific mutagenesis procedures or selection of mitotic recombinants. Although the MPA R marker in principle can be used for all genetic manipulations in any C. albicans wild-type strain, the availability of a specifically generated ura3 mutant is desirable for model strains like WO-1. First, using URA3 as a selection marker, prototrophic transformants can be recovered after only 2 days of selection on uridine-deficient medium, whereas the primary isolation of MPA-resistant transformants usually requires about 1 week, with additional time needed for clone purification. Therefore, the generation of mutants by sequential gene disruptions is significantly accelerated when the URA3 gene can be used as selection marker. Second, many already available URA3-based genetic constructions (e.g., gene disruption cassettes) that have been used for the molecular analysis of the C. albicans model strain CAI4 can probably be used directly also in the ura3 mutants of WO-1. Finally, the availability of a second selection marker like URA3 allows the alternative use of MPA R as a reporter gene, as demonstrated in the present study for the analysis of phase-specific gene expression at the level of individual colonies to detect switch events in the cells from which they were derived.
We have used two different reporter systems, GFP and MPA R , that allowed the analysis of phase-specific gene expression at the single-cell level, with the aim of detecting a possible cell type-independent switching in the expression status of individual genes. Our results demonstrate that the expression of the phase-specific WH11 and SAP1 genes is tightly coupled FIG. 5. White and opaque colonies of strain WO-1 and its derivatives carrying P SAP1 -MPA R and P WH11 -MPA R reporter gene fusions after 7 days of growth at room temperature on agar plates containing Lee's medium and 5 g of phloxine B ml Ϫ1 without or with 7.5 g of MPA ml
Ϫ1 . For better illustration, a mixture of white and opaque cells of the strains was spread on the plates in this particular experiment. Identical results were obtained with strains WUMS1A and WUMS1B and with strains WUMW11A and WUMW11B.
to the white or opaque cell morphology, since all white cells but no opaque cells examined expressed the WH11 gene, and all opaque cells but no white cells expressed the SAP1 gene. A significant activation of a phase-specific gene in the wrong cell type should have been easily detected with both reporter systems, since forced misexpression of the WH11 and SAP1 genes does not affect the cell morphology (16, 17) . It should be noted that both reporter systems are useful only for qualitative rather than quantitative analyses, and we probably would have been unable to detect a low level of gene expression. However, a true morphology-independent phase variation in the expression of a gene would be expected to result in expression levels in the wrong cell type that are comparable to those in the correct phase and, vice versa, in down-regulation of the gene in the normally appropriate cell type to the level of the wrong phase. According to the fluorescence signals obtained with the GFP gene and the difference in MPA resistance between cells expressing and not expressing the MPA R gene, such a phase variation should have been detected with our reporter systems. Therefore, we conclude that cell type-independent switching of individual phase-specific genes does not occur at an appreciable frequency (Ͻ10 Ϫ4 ) under the in vitro conditions tested, at least not at a frequency comparable to that of the whiteopaque switching itself (34) . However, this does not exclude such a possibility during infection. In fact, extreme differences in the frequency of antigenic variation in vitro and in vivo have been observed in other pathogens (49) . Therefore, we intend to analyze switching of phase-specific genes in different animal models of candidiasis. The MPA R -based reporter system will be especially useful for this purpose, since clones of possible variants would be detected after simple plating of recovered cells and then be directly accessible for an analysis of the underlying molecular changes.
Phenotypic switching in C. albicans has been proposed to be under the control of a master regulatory switch, since many different cellular properties are altered in a programmed, coordinated fashion (36) . However, the nature of this master regulator is unknown, as is the pathway leading to activation and deactivation of phase-specific genes. Inactivation of the SIR2 gene results in deregulated phenotypic switching in the C. albicans strain CAI4 (30) , but switching in this strain is by far less well characterized than the white-opaque switching of strain WO-1. Such specific mutations can now also be introduced into strain WO-1 to assess their effect on white-opaque switching. The reporter gene fusions described in this study will be useful for addressing the question of whether in such regulatory mutants the expression of phase-specific genes is still linked to cell morphology or decoupled from the cell type. This approach should allow the dissection of the signal transduction pathway from the master regulatory switch to the different genes whose expression is controlled by phenotypic switching.
